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Summary Reactive oxygen species (ROS) are products of normal cellular metabolism. However,
excessive production of ROS oxidizes DNA, lipids and proteins, inducing tissue damage. Studies
have shown that periodontitis induces excessive ROS production in periodontal tissue. When
periodontitis develops, ROS produced in the periodontal lesion diffuse into the blood stream,
resulting in the oxidation of blood molecules (circulating oxidative stress). Such oxidation may be
detrimental to systemic health. For instance, previous animal studies suggested that experi-
mental periodontitis induces oxidative damage of the liver and descending aorta by increasing
circulating oxidative stress. In addition, it has been revealed that clinical parameters in chronic
periodontitis patients showed a significant improvement 2 months after periodontal treatment,
which was accompanied by a significant reduction of reactive oxygen metabolites in plasma.
Improvement of periodontitis by periodontal treatment could reduce the occurrence of circulat-
ing oxidative stress. Furthermore, recent studies indicate that the increase in circulating
oxidative stress following diabetes mellitus and inappropriate nutrition damages periodontal
tissues. In such cases, therapeutic approaches to systemic oxidative stress might be necessary to
improve periodontal health.
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Periodontitis is a chronic inflammatory disease, character-
ized by gingival bleeding, periodontal pocket formation,
connective tissue destruction and alveolar bone resorption
leading to tooth loss [1,2]. Oral bacterial pathogens are
responsible for the initiation and progression of periodontitis* Corresponding author. Tel.: +81 86 235 6712; fax: +81 86 235 6714.
E-mail address: tomofu@md.okayama-u.ac.jp (T. Tomofuji).
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doi:10.1016/j.jdsr.2008.12.002[3,4]. However, abnormal host responses to bacterial patho-
gens also play a crucial role in the progression of periodontitis
[5].
Reactive oxygen species (ROS), including superoxide,
hydrogenperoxideandhydroxylanions, areproductsofnormal
cellular metabolism. The production of ROS is an essential
protective mechanism against diseases associated with pha-
gocytic infiltration as the host defense against bacterial
pathogens [6,7]. However, overproduced ROS oxidizes DNA,
lipids and proteins that contribute to tissue damage [8,9].l Science. Published by Elsevier Ireland. All rights reserved.
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excessive ROS production in periodontal tissue [10—14].
Clinical studies have shown that periodontitis is correlated
with increased lipid peroxidation in gingival crevicular fluid
and saliva [10—12]. Animal studies also demonstrated that
periodontitis-induced oxidative DNA damage in fibroblasts
[13] and increased hydrogen peroxide in polymorphonuclear
leukocytes [14].
With the progression of periodontitis, ROS produced by
periodontal inflammation diffused into the blood stream
[15,16]. Such a condition caused the oxidation of various
molecules in blood leading to circulating oxidative stress
which may gradually injure multiple organs [15,17]. There-
fore, the increase in circulating oxidative stress induced by
periodontitis may negatively affect systemic health.
In this review, we discussed the relationships among
periodontitis, blood oxidative stress and systemic oxidative
damage. The effects of periodontal treatments on circulating
oxidative stress have been demonstrated in periodontitis
patients and in an experimental periodontitis model using
rats. Furthermore, because recent studies suggested that
systemic risk factors for periodontitis, i.e., regular smoking,
diabetes mellitus or inappropriate nutrition, were associated
with high levels of oxidative stress [18—21], we also discussed
the possibility of circulating oxidative stress being a risk
factor for periodontitis.
2. Production of ROS in periodontal lesions
When stimulated by bacterial pathogens, host cells release
pro-inflammatory cytokines (e.g., interleukin-1a, interleu-
kin-1b and tumor necrosis factor-a) as part of the immune
responses [22]. These cytokines recruit polymorphonuclear
leukocytes to the site of infection [23]. Upon stimulation by
bacterial antigens (e.g., lipopolysaccharide), polymorpho-
nuclear leukocytes produce proteolytic enzymes such as
elastase and ROS via the oxidative burst, catalyzed by NADPH
oxidase [22]. The ROS is released into the extracellular
environment. As the released ROS was not target-specific,
damage to host tissue also occurs.
The damage mediated by ROS is mitigated by antioxidants
such as vitamin C, vitamin E, and reduced glutathione [24]. In
addition, the enzyme superoxide dismutase is important for
ROS detoxification [25]. Chu et al. suggested that Treponema
denticola can metabolize reduced glutathione [26]. Carlsson
et al. also demonstrated that Peptostreptococcus microsis
produced hydrogen sulfide [27], which can strongly inhibit
superoxide dismutase activity in human gingival fibroblasts
[28]. It is conceivable that bacteria in the oral cavity and
periodontal pockets consumed antioxidants and suppressed
ROS detoxification. Reduced antioxidant defense by oral
bacteria may enable entry of ROS from the periodontal
tissues into the systemic circulation.
3. Relationship between periodontitis and
blood oxidative stress in humans
Several studies have been published regarding the relation-
ship between blood oxidative stress and periodontal condi-
tion. For instance, total oxidative status [10] and protein
carbonyl levels, a marker of protein oxidation [29], in serum
were found to be significantly higher in chronic periodontitispatients than in the control subjects. It was also found that
the level of plasma lipid peroxidation was significantly higher
in periodontitis patients than in periodontally healthy sub-
jects [30]. These findings indicate that increased blood
oxidative stress is closely related to the clinical periodontal
status. However, the above studies were cross-sectional, and
it is not clear whether the increase of blood oxidative stress is
the cause or result of periodontitis. In addition, some studies
showed no significant differences in serum lipid peroxidation
[10] and oxidative DNA damage in venous blood [31] between
the subjects with and without periodontitis. It has, there-
fore, not yet been elucidated if serum lipid peroxidation in
periodontal involvement causes oxidative DNA damage.
Oxidative stress is induced by imbalance between produc-
tions of ROS and antioxidant defense [32]. Therefore, infor-
mation regarding the changes in circulating antioxidant level
is required to investigate the relationship between period-
ontitis and blood oxidative stress. Some previous studies have
demonstrated that the levels of blood antioxidant status in
subjects with periodontitis were lower than those in subjects
with healthy gingiva [31,33], while others have suggested
that there were no significant differences in serum or plasma
antioxidant concentration between the group with chronic
periodontitis and controls [11,34]. Several methodologies are
now available to evaluate the antioxidant status in blood
samples, and the relationship between blood anti-oxidative
status and periodontal condition may differ depending on
which kinds of antioxidant molecules were examined. In fact,
a previous study using plasma samples demonstrates that the
activities of enzymatic antioxidants, such as superoxide dis-
mutase, catalase and glutathione peroxide, were found to be
significantly higher, whereas the levels of non-enzymatic
antioxidants, such as vitamin C, vitamin E or reduced glu-
tathione, were significantly lower in periodontitis patients
than in the controls [30].
4. Increased blood oxidative stress levels in
experimental periodontitis model
In a rat model, ligature-induced periodontitis showed a higher
serum level of lipid peroxidation compared to the controls
[16,35,36]. Ekuni et al. and Tomofuji et al. also described that
topical application of lipopolysaccharide and proteases to the
gingival sulcus increased serumlevel for oxidativeDNAdamage
and hydrogen peroxides in rats [14,15]. Furthermore, there
was a significantly positive correlation between the plasma
hexanoyl-lysine level, an indicator of lipid peroxidation, and
the density of polymorphonuclear leukocytes in the period-
ontal tissues (r = 0.721, p < 0.05) [14]. It is conceivable that
experimental periodontitis causes circulating oxidative stress.
They found that the serum level for hexanoyl-lysine was
elevated in a time-dependent manner by ligature-induced
periodontitis in rats (Table 1). It is suggested that the degree
of blood oxidative stress increases depending on the progres-
sion of periodontitis.
A relationship between blood antioxidants and experi-
mental periodontitis has been reported. Sobaniec and
Sobaniec-Lotowska demonstrated that a significant
decrease in serum antioxidant enzyme was found after
ligature-induced periodontitis [16]. A significant reduction
of serum vitamin C was also observed in rat periodontitis
model [37]. These results indicate a reduction of blood
Table 1 Level of serum hexanoyl-lysine in the ligature-induced periodontitis in rats (ng/mL).
Rat No. 0 week 2 weeks 4 weeks
Control group Periodontitis group Control group Periodontitis group Control group Periodontitis group
A 6.6 5.6 7.6 8.9 6.2 16.4
B 6.1 7.3 8.3 8.7 6.0 16.2
C 6.3 8.2 8.2 7.7 7.8 18.3
D 8.4 5.6 7.3 8.3 6.3 17.3
E 7.5 5.4 9.1 7.9 8.1 18.4
F 7.3 5.3 8.1 7.5 8.4 16.3
Mean 7.0 6.2 8.1 8.2 7.1 17.2
S.D. 0.9 1.2 0.6 0.6 1.1 1.0
48 T. Tomofuji et al.antioxidant level in experimental periodontitis model. Oral
bacteria and their products decrease gingival antioxidant
defense [26,28]. Local alterations in the redox balance
may affect blood antioxidant level, although the mechan-
isms remain unclear.
5. Oxidative damage to liver and aorta in
experimental periodontitis model
Oxidative stress plays a crucial role in the pathology of a
number of diseases, including arthritis, atherosclerosis, adult
respiratory distress syndrome, heart diseases, stroke,
acquired immunodeficiency syndrome, Alzheimer’s disease,
Parkinson’s disease, and liver diseases [38—40]. It is feasible
that increased circulating oxidative stress following period-
ontitis could be detrimental to systemic health, but little
information is now available.
Tomofuji et al. reported that oxidative DNA damage of the
liver was found in rats with lipopolysaccharide/protease-
induced periodontitis, with increasing serum levels for hydro-
gen peroxide [15]. A ligature-induced rat periodontitis model
also showed a decrease in the ratio of reduced/oxidized
glutathione, an indicator of antioxidants, in the liver, with
increasing serum levels of hexanoyl-lysine [35]. These obser-
vations support the possibility that periodontitis could induce
hepatic oxidative damage by increasing blood oxidative
stress. Hepatic oxidative damage is involved in progression
of non-alcoholic steatohepatitis and alcoholic fatty liver
diseases [41,42], and Tomofuji et al. have reported hepatic
inflammation and steatosis in the rat periodontitis model
[15]. Circulating oxidative stress induced by periodontitis
may initiate and augment these liver diseases [15,35]. On
the other hand, a rat model also suggested that periodontitis
increases the level of serum lipopolysaccharide, which might
affect the liver [15,43]. However, the mechanism involved
has not yet been determined.
Oxidative stress is involved in the initiation of athero-
sclerosis [44]. Recently, Ekuni et al. reported the relationship
between oxidative stress in ligature-induced periodontitis
and the initiation of atherosclerosis in which the levels of
hexanoyl-lysine in periodontal tissue and serum were
increased in the experimental group [36]. In the abovemen-
tioned study, 16 rats were divided into 2 groups of 8 rats each.
Periodontitis was ligature induced for 4 weeks in the experi-
mental group, whereas the control group was left untreated.
It was observed that the levels of hexanoyl-lysine in period-ontal tissue and serum increased in the experimental group.
In addition, only descending aorta samples in the experi-
mental group showed lipid accumulation, with increased
expression of hexanoyl-lysine, ROS and oxidative stress-
related genes (e.g., nitric oxide synthases 2 and 3). Period-
ontal bacteria including Porphyromonas gingivalis, Aggrega-
tibacter actinomycetemcomitans, Prevotella intermedia, T.
denticola and Tannerella forsythensis might directly cause
the progression of atherosclerosis [45—47]; however, Ekuni
et al. strongly suggested that not only microbiota but also
oxidative stress from the periodontal lesions plays an impor-
tant role in progression of atherosclerosis [36]. Furthermore,
it is also possible that periodontal bacteria induce ROS
production in the atherosclerotic plaques.
6. Effects of periodontal treatment on blood
oxidative stress
If periodontitis causes blood oxidative stress, the improve-
ment of periodontitis by periodontal treatment may result in
a decrease in blood oxidative stress. To clarify this issue, the
effects of periodontal treatment on the plasma level of
reactive oxygen metabolites (ROM), and oxidative products
of lipids, peptides, and amino acids in chronic periodontitis
patients have been examined. Chronic periodontitis
patients, who had at least 4 teeth with one or more sites
exhibiting probing pocket depth 4 mm, clinical attachment
level 4 mm, visible plaque and bleeding on probing, were
employed in this study. The control group was composed of
individuals with no evidence of interproximal attachment
loss, with probing pocket depth 3 mm at any sites on any
teeth and with no gingival inflammation. They were systemi-
cally healthy, and users of anti-oxidant supplements were
excluded. Full-mouth scaling and root planing was performed
as periodontal treatment. Clinical examination and plasma
ROM measurement were done at baseline prior to scaling and
root planing and 2 months after therapy. At baseline, the
chronic periodontitis patients had higher plasma ROM levels
than the control subjects without periodontitis ( p < 0.05)
(Table 2). Probing pocket depth and bleeding on probing in
the patients significantly improved 2 months after the ther-
apy, and a significant reduction of plasma ROM levels was also
found ( p < 0.05). These findings suggested that the improve-
ment of periodontitis by periodontal treatment offers clinical
benefits by decreasing blood oxidative stress in chronic
periodontitis patients.
Table 2 Changes in clinical and biochemical parameters after periodontal treatment (mean  S.D.).
Healthy gingiva Periodontitis
Pre-therapy Post-therapy
N (males; females) 6 (3; 3) 6 (3; 3) —
Age (years) 39.3  20.8 35.7  17.9 —
Periodontal disease index
Probing pocket depth (mm) 1.6  0.1 2.2  0.6a 1.7  0.2b
% of sites with bleeding on probing 2.9  2.7 25.7  13.5a 5.4  3.1b
Plasma parameters
Reactive oxygen metabolites (CARR U) 305.2  18.2 415.3  42.3a 281.8  72.5b
a p < 0.05, compared with the healthy gingiva (Mann—Whitney U-test).
b p < 0.05, compared with the pre-therapy (Wilcoxon signed-ranks test).
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damage in a rat periodontitis model was investigated
[14]. After topical application of bacterial pathogenic pro-
ducts such as lipopolysaccharide and proteases for 4 weeks,
the experimental group received daily mechanical stimula-
tion with an electric toothbrush for 4 weeks. Periodontal
inflammation as well as increased serum level for oxidative
DNA damage was found after 4 weeks of topical application
of bacterial products. Mechanical stimulation by tooth-
brushing decreased both periodontal inflammation and
serum oxidative DNA damage. It is suggested that improve-
ment of experimental periodontitis by toothbrushing is
important for reducing the occurrence of circulating oxida-
tive stress. As mentioned above, oxidative stress from per-
iodontitis could induce liver diseases and atherosclerosis in
rats. Periodontal treatment may improve periodontitis-
induced liver diseases and atherosclerosis by decreasing
blood oxidative stress.
7. Blood oxidative stress as a risk factor for
progression of periodontitis
Recent studies suggest that increased blood oxidative stress
is a risk factor for progression of periodontitis. For instance,
Tamaki et al. examined the relationship between plasma ROM
and severity of clinical attachment level (CAL) in patients in
the maintenance phase of periodontal treatment [48].
Eighty-one subjects (mean age: 57.4 years), who had entered
a periodontal maintenance program, participated in the
study. It was demonstrated that plasma level of ROM was
positively correlated with mean CAL (r = 0.281, p < 0.05) and
% of teeth with CAL 4 mm (r = 0.236, p < 0.05). Further-
more, logistic regression analysis showed that subjects with
ROM level >400 CARR U had significantly higher mean CAL
compared to the subjects with ROM 400 CARR U after
adjusting for age, gender and number of teeth present
( p < 0.05). These results show that systemic increase of
oxidative stress may influence the level of advancement of
periodontal disease.
Regular smoking and systemic diseases such as diabetes
mellitus, which are known risk factors for periodontitis,
increase circulating oxidative stress [18,19]. The mechan-
isms by which smoking and diabetes mellitus augment period-
ontitis are not completely understood, but these factorsimpair gingival immune responses against bacterial patho-
gens [49,50]. Thus, it is possible that the increased blood
oxidative stress, induced by smoking and diabetes mellitus, is
involved in the progression of periodontitis. Therapeutic
approaches to reduce systemic oxidative stress may be
necessary to improve periodontitis in smokers and diabetic
patients.
Furthermore, some studies using rats suggested that an
inappropriate nutrition augments periodontitis through
increased blood oxidative stress [20,21]. A high-cholesterol
diet decreases alveolar bone density, increasing the serum
level for oxidative DNA damage [20]. Excessive ethanol
feeding also augments periodontal inflammation, with a
significant increase in serum ROM level [21]. These indicate
that systemic increase in oxidative stress by an inappropriate
nutrition is detrimental to periodontal health. In such cases,
the reduction of systemic oxidative stress by nutritional
advice would offer clinical benefits towards the improvement
of periodontal health.
8. Conclusions
Periodontitis induces excessive production of ROS from
inflammatory cells such as polymorphonuclear leukocytes,
resulting in circulating oxidative stress. Such conditions could
damage various organs, including the liver and aorta. In
addition, periodontal treatment is effective in improving
clinical parameters and in reducing plasma ROM. The
improvement of periodontitis by periodontal treatment
may offer clinical benefits on systemic health by decreasing
circulating oxidative stress. Furthermore, elevated oxidative
stress in blood, caused by smoking, diabetes mellitus and
inappropriate nutrition, is detrimental to periodontal health.
In these cases, therapeutic approaches to decrease systemic
oxidative stress would be important to improve periodontal
health.
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